Abstract. Recent advances in computer science and highly parallel algorithms make Large Eddy
INTRODUCTION
In the highly competitive field of power generation, gas turbines have gained an increasing role over the years. New emission regulations and growing energy demand increase the weight on the research and development of the manufacturers of such machinery. Outstanding advances have been made and ever more complex designs have been developed to meet the increasingly stringent needs. Unfortunately sometimes the new designs are subject to combustion instabilities [2, 4, 11] . Experimental tests must be conducted to evaluate the risk and impact of such phenomena on the machines. Building a full burner for each test is unpractical and geometric simplifications must be made leading to approximations in the results. Numerical tools, who do not have this limitation, are an attractive alternative to experimental set-ups especially Large Eddy Simulation (LES). Recent studies using Large Eddy Simulation (LES) have shown the accuracy of this approach in comparison with experimental data. LES is able to predict mixing [12] , stable flame behaviour [13] and flame acoustic interaction [14] . It is also used for flame transfer function evaluation [8] . The objective of the present paper is to demonstrate the necessity to investigate full burner configurations for instability studies. Technical difficulties encountered for full burner LES are discussed. The interest of such simulations is shown by an a posteriori study of the flow for a single and a triple burner configurations. Note that the current work is part of the european project DESIRE with the support of SIEMENS PG.
TARGET CONFIGURATION AND LES MODELS
To demonstrate the feasibility and usefulness of multi-burner and full burner simulations, LES of an annular combustion chamber are performed. The injection system consists of two co-rotating partially premixed swirlers. The swirler vanes are not simulated and appropriate boundary conditions are set to mimic the vane effects on the flow. LES is carried out with a parallel solver called AVBP, simulating the full compressible Navier Stokes equations on structured, unstructured or hybrid grids. The sub-grid scale influence is modeled with the standard Smagorinsky model [15] . A one step chemical scheme for methane matching the behaviour of the GRI-mech 3.0 scheme [5] at the target conditions is employed to represent the chemistry. The Thickened Flame Model (TFLES) ensures that the flame is properly solved on the grid [3, 9] . Finally all simulations employ the Lax-Wendroff numerical scheme.
COMPUTATIONAL ISSUES
When dealing with very large configurations, computer related issues rapidly arise. In order to perform a full burner LES, one needs to adapt the available tools. The potential difficulties are divided in three themes:
• Mesh generation
• Fast and efficient LES
• Post-processing of the results Generating a mesh for the calculation is by far the most time consuming and remains a critical point in numerical simulations. The difficulty is greatly increased when trying to build a mesh for a full set-up. The memory requirements become important (over five gigabytes of RAM for a 5.10 6 cells mesh) and powerful computers are needed. Most designs have a natural geometric periodicity and the most practical solution to generate the mesh is to create a single periodic mesh and then duplicate it as many times as needed to build the full model. A full twenty four burner set-up was meshed using this procedure (cf. Figure 1 ). The resulting computational domain has over forty million cells and requires three hundred Megabytes. In order to perform a fast and efficient LES for such a large mesh, a large number of processors is required. However using a large number of processors means decomposing the computational domain into a large number of parts. Since message passing communications are proportional to the quantity of domains, the code must not suffer any degradation in performance by increasing the number of processors. Figure 2 shows the ideal behaviour (black line) compared to the behaviour of AVBP for a five million cells LES (squares) and for a forty million cells case (circles). A close to optimal result is observed even for up to 5000 processors 1 . Once LES is performed, a lot of data has been generated (over 20 gigabytes for the five million cells case). Memory limitations encountered during mesh generation are also present during the post-processing step. Retrieving such large quantities of data from a computer center to a visualization post can also be troublesome. Remote visualization applications are a potential solution and offer an interesting way to reduce post-processing time. To evaluate the possible benefits from multi-burner simulations compared to a simulation using a simplified geometry, a single burner (cf. Figure 3a) and a triple burner LES (cf. Figure 3b In the following the unsteady and averaged behaviours of the configurations are discussed. The single periodic and the central burner of the triple set-up are compared to assess the impact of the periodicity. Results show that the main hydrodynamic features remain the same but some substantial differences are observed in the reacting cases. Swirled flows have been used for a long time in gas turbines [1, 6, 13] . Their main objective is to create a central recirculation zone to anchor the flame without flame holders. Precessing structures, also called precessing vortex cores (PVC), are commonly observed for this type of flows and are usually located right at the outlet of the injector system. Figure 5 shows instantaneous views of the LES results for the single periodic burner (a) and for the triple burner (b). On the top part of each figure, the different velocity components are displayed. The central recirculation zone is visible in the axial velocity component snapshot. For the periodic sector, a precessing vortex core rotating in the same direction as the imposed swirl is evidenced using a low pressure isosurface near the axial hub. Spectral analysis in the axial swirler region of the radial velocity component reveals that the PVC revolves at 300Hz (cf. Figure 6a ). In the triple burner case, pressure isosurfaces reveal the existence of a PVC for each burner. They are located at the exit of the corresponding burner as observed in the single sector configuration. Spectral analysis of the central burner PVC confirms that the precession motion is also at 300Hz (cf. Figure 6b 
RESULTS AND DISCUSSION

Cold Flow Results
Reacting Flow
The cold flow observations suggest that the triple burner LES offers no additional information compared to the periodic LES. The situation is different for reacting cases as shown in the following section. The recirculation zones observed in the cold flow simulations suggested that the flame should attach near the axial hub and at the burner outlet. Figure 8a ) and 8b) show the flame zone represented by a one thousand Kelvin temperature isosurface. The different velocity components are shown at the top of the Figures in addition to a reaction rate iso-contour. The flame is anchored in both configurations and for all burners by the central recirculation zone as expected. The position of the central recirculation zone seems unaffected by the presence of the flame. Using the coherent structure detection criterium from Hussain [7] , a PVC is evidenced in the reacting case for the single burner (Fig. 9a) . Its revolving movement matches the swirl's. Spectral analysis of the radial velocity component reveals that the precessing structure's frequency is 780Hz (cf. Figure 9b) . Which differs from the one observed in the cold flow results. Since the presence of the flame disrupts considerably the near axial hub region this is expected. The structure is also present in the triple sector case . The observations of the unsteady solutions highlight no clear difference between the two configurations. Figure  10a) . shows that the mean axial velocity matches well for both simulations. As was the case in the non-reacting flow (cf. Figure 7a) , the match is quite good. The mean temperature profiles also match reasonably well (cf. Figure 10b ). However, pressure and temperature fluctuations differ greatly (cf. Figure 11 ). Predicted pressure fluctuations are two times higher in the three sector case than in the single sector case. The presence of the side burners modifies temperature fluctuations. Since pressure and heat release (therefore temperature fluctuations) are closely linked to the acoustic behavior of the set-up, acoustic analysis is required to evaluate the impact of the differences and their origin. 
ACOUSTIC DESCRIPTION
Eigen-value solvers are useful tools for visualizing and analyzing the possible acoustic modes present in a setup. To conduct the acoustic analysis a Helmholtz solver [10] using the averaged speed of sound distribution from the reacting LES is used. The eigen-frequencies obtained for both cases are displayed in Table 1 The excitation of the 370Hz eigen mode explains the differences observed in the reacting LES. Spectral analysis of the LES pressure field in the middle of each sector composing the triple burner yields a dominant harmonic at 370Hz for the side burners (cf. Figure 12 ). This frequency matches very well mode 2 as predicted by the Helmholtz solver (cf. table 2) . The single burner simulation is unable to reproduce the right behavior for the reacting case since 370Hz is not a eigen-frequency for a one sector configuration. Therefore for combustion instability studies, considering a full burner LES may be necessary. 
CONCLUSION
The feasibility of full burner LES is demonstrated. The methodology and challenges behind such simulations are enumerated and possible solutions are given. To assess the benefits from full burner simulations compared to simplified configurations, a single periodic burner LES and a triple burner LES were performed. The periodic simplification seems to be adapted to cold flow studies. However, to retrieve the correct acoustic behaviour of the set-up for combustion instability studies, considering the full geometry seems paramount.
